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We analyze a silicon/III–V hybrid semiconductor waveguide structure for laser oscillation. We show that, by
optimally designing and controlling the resonant supermode behavior in such structures, the modal gain can
be enhanced five times compared with that of the existing silicon evanescent laser, while maintaining efficient
coupling to outside silicon waveguide circuits. © 2008 Optical Society of AmericaOCIS codes: 250.3140, 130.2790, 130.3120, 140.5960.
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wuring the past two decades, there has been an ever-
ncreasing pace of activity in the area of realizing laser
mission from silicon Si [1–6]. Recently, we proposed a
ovel supermode Si/III–V hybrid waveguide system for
aser oscillation, amplification, and modulation [7]. The
tructure is illustrated in Fig. 1. The hybrid device con-
ists of two parallel waveguides in close proximity
oupled to each other. The top waveguide is fabricated in
III–V compound semiconductor and supplies the gain,
nd the bottom is a waveguide fabricated in Si. The eigen-
odes of this hybrid structure, the supermodes, can be
ontrolled by suitable design of dimensions of the
aveguides [7]. The supermode is thus designed such
hat, in the left region (main body) most of the modal en-
rgy is concentrated in the III–V waveguide so that the
ode experiences maximal gain, while in the right region
ear the output facet, the width of the Si waveguide is
idened adiabatically so that most of the mode trans-
orms to the Si waveguide for coupling to other Si photo-
ic circuits. The fundamental difference between this
cheme and the reported evanescent lasers by Fang et al.
6] is the use of supermode coupling rather than evanes-
ent coupling. This makes it possible to fundamentally
reak the trade-off between the gain available to an opti-
al mode and the output coupling efficiency intrinsic to
he hybrid evanescent lasers. Therefore we expect a laser
esigned with this principle to operate with higher effi-
iency and be far shorter.
In this paper, we address several issues in engineering
he supermode hybrid Si/III–V waveguide structure for
aser oscillation. By optimally designing the III–V wafer
ayer structure, the III–V waveguide width, the Si wave-
uide width, and the adiabatic taper, we will show that
he modal gain in the supermode resonator can be im-
roved by a factor of 5 compared with that in the reported
vanescent lasers. Finally, we will discuss the tolerance of
isalignment of the two waveguides during fabrication.
First we focus on the optimal layer structure of the
II–V active wafer. In the evanescent laser design by Fang0740-3224/08/060923-4/$15.00 © 2t al. [6], the quantum wells (QWs) needed to be as close
o the Si waveguide as possible to have more of the mode
eld evanescently penetrating into the QW region. In our
upermode scheme, the resonant supermode can have
ost of the energy concentrated in the III–V waveguide
ithout reducing the distance between the QWs and the
i waveguide. Thus, we seek to engineer the wafer to
ake full use of the available gain from the QWs. Since
ll the epi-grown layers must be perfectly lattice matched
o the InP substrate, we can, most simply and effectively,
odify only the thicknesses of the separate confinement
eterostructure (SCH) layer and n-layer of the wafer de-
ign in [6] to improve the modal confinement in the QWs.
y choosing the thicknesses of the SCH layer and the
-layer to be 80 and 200 nm, respectively, we obtain a
aximal confinement factor in the active region (QWs
nd barriers in between) act of 0.348 in the absence of a
i waveguide. This is 30% larger than that of the wafer
esign presented in [6] calculated under the same condi-
ion.
Next we design the constituent waveguides of the hy-
rid structure. From the supermode theory [8], the eigen-
odes of the coupled waveguides (supermodes) are linear
ombinations of those of the uncoupled waveguides. The
odal field distributions and the phase velocities of the
upermodes are determined by the phase mismatch pa-
ameter  and the amplitude spatial overlap  between
he modes of the uncoupled waveguides. In a 2-D geom-
try,  and  are defined as
 =
b + Mb − a + Ma
2
, 1
 = abba1  2, 2
here008 Optical Society of America
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0
4 

nc
2x,y − nb
2x,y	ax,y	bx,ydxdy,
3
ba =
0
4 

nc
2x,y − na
2x,y	ax,y	bx,ydxdy.
4
n the above expressions, a and b are the propagation
onstants of the uncoupled waveguide modes. Ma and Mb
re small corrections to the propagation constants a and
b, respectively, due to the presence of the other wave-
uide. 	ax ,y and 	bx ,y are the power-normalized
odal distributions of the uncoupled waveguides.
ax ,y , nbx ,y, and ncx ,y are the refractive index pro-
les of the uncoupled waveguides a and b and the coupled
aveguide system c, respectively. By adjusting nax ,y,
bx ,y, and ncx ,y, we can control  and  and thus al-
ocate the energy in each waveguide as desired.
ig. 1. (Color online) (Top) Side view of the proposed hybrid la-
er and the evolution of the lasing supermode inside the hybrid
aveguide resonator. (Bottom) Adiabatic widening of the silicon
aveguide causes the supermode power to transfer from the up-
er amplifying III–V section to the lower silicon waveguide.The supermodes of the hybrid waveguides arise from the coupling between all the original modes of the III–V
aveguide and the Si waveguide. However, we are inter-
sted in the two lowest-order supermodes, which result
rom the coupling between the fundamental modes of the
II–V and the Si waveguides. For the simulation, we use
he aforementioned optimal III–V wafer structure with a
aveguide width of 3.30 
m. The effective index neff is
.2588 at the target wavelength of 1.55 
m as calculated
ith a mode solver. Figures 2(a) and 2(b) show the refrac-
ive index profile and the fundamental mode of the III–V
aveguide. To achieve the phase-matching condition 
0, we use a Si-on-silica waveguide with height H
0.84 
m and width W=0.65 
m, which possesses a neff
f 3.2529. Figures 2(c) and 2(d) show the refractive index
rofile and the fundamental mode of the Si waveguide.
he composite hybrid structure consists of the III–V and
i waveguides separated by a 10 nm thick layer of silica,
s shown in Fig. 2(e). The thin silica layer is considered to
ssist in a low-temperature wafer bonding process [9].
igures 2(f) and 2(g) show the even and odd supermodes
f the hybrid waveguides. We see that, for both even and
dd modes, the energy is roughly evenly divided between
he III–V and the Si waveguides, as predicted by the su-
ermode theory.
We have shown that the even and odd supermodes co-
xist in the coupled waveguide system, though propagat-
ng at different phase velocities. In practice, we want a
ingle mode to oscillate in such a structure. We can sepa-
ate the two supermodes by adiabatically tapering the Si
aveguide width to provide different amounts of feedback
o different modes. Only the mode having stronger feed-
ack will lase. Figure 3(a) shows the confinement factors
n the active region act and in the Si waveguide Si for
he lowest-order even supermode as a function of Si wave-
uide width W. Figure 3(b) shows the confinement factors
n the whole III–V waveguide III–V and in the Si wave-
uide Si and the mismatch parameter  as a function of
i waveguide width W. As expected, these three curves in-
ersect at one point where the phase is perfectly matchedm
m
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ig. 2. (Color online) (a) Refractive index profile of the III–V waveguide. (b) Fundamental mode of the III–V waveguide. (c) Refractive
ndex profile of the Si waveguide. (d) Fundamental mode of the Si waveguide. (e) Refractive index profile of the coupled system. (f) Even
upermode of the coupled system (at the phase-matching point). (g) Odd supermode of the coupled system (at the phase-matching point).
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aveguide.
In what follows we discuss the influence of the taper in
ur design. The taper is expected to adiabatically trans-
orm the mode at the main body, which has most of the
nergy confined to the III–V waveguide, to the mode near
he end facet for output coupling. From Fig. 3, we choose
o have at the main body a Si waveguide width of 0.51 
m
nd at the output facet a width of 0.89 
m, and we use an
xponentially shaped taper as the transformer. Ideally we
an have an output coupling efficiency of 91%. Figure 4
isplays the output power from the Si waveguide normal-
zed by the input power into the taper region as a function
f the taper length L. The results were computed using a
eam propagation method. As we see, a taper with a
ength larger than 50 
m is sufficient to obtain the ex-
ected power conversion. We also notice that, for short
aper lengths, the curve is strongly oscillatory with a half-
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ig. 3. (Color online) (a) Confinement factors in the active region
. (b) Confinement factors in the III–V waveguide III–V and in
i waveguide width W.
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ig. 4. (Color online) Normalized output power from the Si
aveguide at the end of the taper as a function of the taper
ength L.eriodicity of 19 
m. Using tapers with lengths corre-
ponding to those resonant coupling points [L= 2n
119 
m, n=1,2,3] may achieve even higher confine-
ent in Si at the output facet than expected. This behav-
or, though beyond the adiabatic mode transforming
cheme, can be understood by the supermode theory. Gen-
rally, in a system of two coupled waveguides, the propa-
ation distance for power transferring from one wave-
uide to the other is  /22+2 [8]. As the Si waveguide
idth varies from 0.51 to 0.89 
m,  varies in the range
f 0–142 mm−1 while  stays roughly constant at
40 mm−1. The average distance for the power transfer
stimated from the supermode theory agrees with the
imulation results. In sum, if we use an exponentially
haped taper longer than 50 
m as well as the improved
II–V wafer design, we can have at the main body act
0.343 and at the output facet Si0.855. In the evanes-
ent lasers, due to the trade-off between these two factors,
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enter (at the phase-matching point).
0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
Si waveguide width W (m)

-350
-280
-210
-140
-70
0
70
140
210
280
350
M
is
m
at
ch
pa
ra
m
et
er

(m
m
-1
)
In III-V waveguide
In Si waveguide
(b)
and in the Si waveguide Si as a function of Si waveguide width
waveguide Si and the mismatch parameter  as a function ofC
on
fin
em
en
tf
ac
to
r
S
ic
on
fin
em
en
tf
ac
to
r

S
i
act
the Si
a
T
h
n
c
t
m
f
e
t
n
n
s
t
w
p
w
m
a
r
b
c
b
c
t
p
t
a
p
o
p
w
A
T
s
P
m
R
926 J. Opt. Soc. Am. B/Vol. 25, No. 6 /June 2008 X. Sun and A. Yarivtypical set of values are act=0.067 and Si=0.757.
hus, the average modal gain of the proposed supermode
ybrid laser can be 5 times higher than that of the eva-
escent laser, with also a higher output coupling effi-
iency. This implies that the supermode laser can be 5
imes shorter.
Finally, we discuss the important issue of tolerance of
isalignment of the two waveguides. As mentioned be-
ore, the modal power distributions depend on the param-
ters  and . If we consider the effect of only an offset of
he Si waveguide from its designed center position, we do
ot expect a large change in  and , since a and b do
ot change, and the changes in , Ma, and Mb are very
mall for the waveguide sizes considered. Figure 5 plots
he calculated confinement factors in the III–V and the Si
aveguides and also the mismatch parameter  at the
hase-matching point as a function of the offset of the Si
aveguide. We find that even if the Si waveguide is
oved to one edge of the III–V waveguide, ±1.2 
m mis-
ligned from the center, more than 30% of the energy still
esides in the III–V waveguide.
In summary, we analyzed the supermode Si/III–V hy-
rid waveguide structure for laser oscillation. We dis-
ussed several issues in engineering this hybrid system
y the supermode formalism. By optimally designing and
ontrolling the lasing supermode behavior in the resona-
or, the modal gain can be increased by a factor of 5 com-
ared with that in the Si evanescent lasers, while main-
aining a high output coupling efficiency. An alignment
ccuracy of 1 
m can be tolerated. The supermode ap-
roach can also be extended to the design of other hybrid
ptical functional devices, such as an optical amplifier,
hase or amplitude modulators, and coupled resonator
aveguide systems.CKNOWLEDGMENTS
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